The in vivo concentration of active thrombin and the second-order rate constant for the inhibition of thrombin by antithrombin (k inh ) were estimated in patients undergoing cardiopulmonary bypass (CPB) based on measured levels of hemostatic markers in combination with a computer model of the patient's hemostatic and vascular systems. At baseline k inh = 0.6 B 0.1 ÌM -1 s -1 leaving 270 B 101 fM of active thrombin in the circulation. These factors were unchanged after sternotomy. Soon after heparin administration and the start of CPB, k inh increased 25-fold resulting in decreased active thrombin. After CPB and heparin neutralization, k inh decreased to 8-fold above baseline allowing active thrombin levels to rise. Both factors had returned to normal 2 h after surgery. We conclude that CPB with heparinization results in a rapid increase in thrombin inhibition leading to decreased active thrombin levels in vivo.
Introduction
Thrombin, formed by the cleavage of the prothrombin by prothrombinase complex, is the final enzyme product of the blood coagulation cascade. The regulation of thrombin production and inhibition is vital to the maintenance of the hemostatic balance. Once formed, active thrombin converts fibrinogen into fibrin releasing fibrinopeptides A (FPA) and B (FPB), activates platelets and participates in a host of other coagulation-related processes. Active thrombin has multiple targets including protein C, factors V, VIII, XI, XIII and thrombin-activatable fibrinolysis inhibitor [1] . Fibrinogen is one of the most important targets of thrombin due to its high concentration (7 ÌM) and rapid rate of reaction (k cat /K m = 11.7 ÌM -1 s -1 ) [2] .
In vitro four thrombin inhibitors have been described in pure systems or plasma: antithrombin, heparin cofactor II, · 2 -macroglobulin, and · 1 -protease inhibitor [3] . Among these inhibitors, antithrombin is the most important due to its high concentration (2.4 ÌM) and fast reaction rate with thrombin in the presence of heparin or its endothelial equivalent heparan sulfate proteoglycans [4] . The reported in vitro second-order rate constant for the inhibition of thrombin by antithrombin (k inh ) in the presence of heparin has ranged from 18 to 670 ÌM -1 s -1 with heparan acceleration being very similar [5] [6] [7] . In vitro studies using adult plasma indicate that when heparin is present, 94-97% of thrombin generated in plasma is inhibited by antithrombin, with 1-3% inhibited by · 2 -macroglobulin and 1-4% by heparin cofactor II [8, 9] . In the absence of heparin, k inh ranges from 0.006 to 0.007 ÌM -1 s -1 [5, 10, 11] .
The rate of thrombin inhibition in vivo is unknown. It is likely that in vivo the rate of thrombin inhibition is not constant, but varies depending on a variety of factors including the concentration of antithrombin and other inhibitors, the concentration of heparin or heparan, and whether active thrombin is free in the plasma or bound to fibrin, platelets or other receptors such as thrombomodulin. Binding to fibrin slows but does not prevent thrombin from being inhibited both in the presence and absence of heparin [12] .
The purpose of this study was to estimate the rate of thrombin generation, the apparent second-order rate constant k inh and the concentration of active thrombin occurring in vivo during open-heart surgery utilizing cardiopulmonary bypass (CPB). Open-heart surgery was studied as the experimental model as it results in a variety of conditions that could affect thrombin regulation including hemostatic stress (surgical trauma), increased thrombin generation due to exposure of blood to the artificial surface of the bypass circuit, heparinization and heparin neutralization [13] . The in vivo rate of thrombin generation was based on the concentrations of the prothrombin activation peptide F1.2 and the thrombin-antithrombin complex (TAT). Estimates of active thrombin concentrations and k inh in vivo were based on the thrombin-generation rate and the concentrations of FPA, fibrinogen and antithrombin and their kinetic interactions.
Methods

Human Subjects
Studies on human subjects were carried out according to the principles of the Declaration of Helsinki. Informed consent was obtained from all participants and the study was approved by the University of Washington Human Subjects Review Committee. A total of 9 men were studied ranging in age from 50 to 74 (mean 59 B 7) years. All subjects underwent coronary artery bypass graft surgery utilizing standard CPB. All patients received routine anesthetic and surgical care including 'balanced' anesthesia (fentanyl, etomidate, isoflurane, pancuronium). Porcine heparin was administered as a loading dose of 250 IU/kg, and supplemented as needed to maintain a kaolin-activated clotting time of 1 450 s during bypass. CPB utilized a membrane oxygenator, arterial filter and centripetal pump head. Heparinization was reversed with protamine sulfate following completion of CPB. Cardiac output was measured using thermodilution catheters.
Blood Sampling
Blood was collected from an arterial line at 10 time points (average time from the start of the procedure in min B SD in parentheses): (1) baseline -after induction of anesthesia (0 B 0, arbitrary); (2) after sternotomy (34 B 15); (3) after heparin administration (73 B 16); (4) after 5 min of CPB (117 B 42); (5) 15 min of CPB (127 B 44); (6) 30 min of CPB (145 B 42); (7) prior to reperfusion of the heart (188 B 44); (8) after reperfusion (204 B 46); (9) after protamine administration (245 B 57), and (10) 2 h after surgery (432 B 70). At each time point 4.5 ml of arterial blood was added to 0.5 ml of 0.105 M citrate for assays of antithrombin activity, and fibrinogen, while 5 ml of arterial blood was anticoagulated with 11 mM citrate and 25 mM PPACK for assays of F1.2, TAT, and FPA. All samples were immediately centrifuged at 1,800 g for 30 min at 4°C, aliquoted and frozen at -80°C until analyzed.
Assay Methods
F1.2 and TAT were measured using enzyme immunoassays (Dade-Behring) [14, 15] . FPA was measured using a modified competitive immunoassay according to Amiral et al. [16] . Antithrombin was measured using a chromogenic method (Stago) [17] . Fibrinogen was measured using a kinetic clottable method (Stago) [18] . Measured levels for each assay for all subjects have been reported previously [19] .
Thrombin Regulation Model
We estimated the in vivo thrombin-generation rate, k inh and active thrombin concentration for each subject in the study. Two types of models were used: a steady-state model that evaluated these factors only at baseline under approximately steady-state conditions, and dynamic vascular models that were able to estimate these factors in each subject during each time interval sampled, before, during and after CPB. The steady-state model assumes all concentrations are constant in the subject. The dynamic vascular models used computer simulations of the human vascular system combined with a kinetic model of thrombin generation, activity and inhibition to analyze aspects of hemostatic regulation, while the hemostatic system is undergoing changes due to surgery and CPB. This study represents the second generation of a hemostatic and vascular model published previously [19] . In the prior study we estimated the rates of thrombin generation based on F1.2 and TAT levels and the rate of fibrin formation based on FPA levels. The vascular model was used to account for changes in marker clearance, hemodilution by the bypass circuit priming fluid, blood loss and transfusion. There was no linkage between any of the hemostatic factors in the model, it was used simply to estimate the rate of these processes in vivo. In this study the model has been extended to include a linked kinetic model incorporating thrombin generation, thrombin inhibition by antithrombin and thrombin activity releasing FPA from fibrinogen. Figure 1 shows the kinetic model used in this study. Each time a thrombin molecule is formed, the kinetic model assumes that an F1.2 is formed along with it. Active thrombin can either react with fibrinogen or be inhibited by antithrombin forming TAT. To simplify the model, we assumed that fibrinogen was the only substrate for thrombin and that antithrombin was the only inhibitor for thrombin. The predicted in vivo thrombin generation rate was determined by adjusting the thrombin generation rate in the model to produce the best fit between measured and simulated levels of F1.2 and TAT.
There are two ways of expressing the thrombin generation rate. The first is the local rate of thrombin generation per liter of plasma (moles liter -1 second -1 ). This type of expression is used when the thrombin generation is linked to other processes through a kinetic model as in this study. Thrombin being added to the plasma is reacting with antithrombin and fibrinogen, so the local rate of change per volume is needed. The second way of expressing thrombin generation rates is the total amount of thrombin produced throughout the vasculature (moles second -1 ). Total thrombin generation is equal to local thrombin generation times plasma volume [20] . Total thrombin generation is used when the plasma volume is changing. For example, when CPB starts, the patient's plasma volume is expanded and diluted by the priming fluid in the CPB circuit. F1.2 and TAT levels rise after CPB, even though the plasma is diluted, indicated a rapid rise in local and total thrombin generation. In a prior study, we reported total thrombin generation rates to give an overall impression of the total rise in thrombin generation during CPB [19] . In this study we report thrombin generation rates as local rates (moles liter -1 second -1 ) because the thrombin generated is feeding into a kinetic model.
In vivo there are different forms of active thrombin including thrombin free in plasma and thrombin bound to a variety of proteins, receptors and cell surfaces including fibrinogen, fibrin, platelets and endothelium. Thrombin is inhibited by antithrombin and other inhibitors at different rates depending on the form of active thrombin (bound or free) and whether antithrombin is free or bound to and accelerated by heparin or heparan. The apparent in vivo k inh determined in this study represents the average or overall rate constant. It suggests what the predominant rate is. Likewise, the active thrombin concentration in this study is an average of all the forms of active thrombin that can cleave fibrinogen to fibrin, and assumes that all forms of active thrombin cleave fibrinogen at the same rate, even though in vivo fibrinogen activation may be occurring at several different rates based on the form of active thrombin.
The effect of k inh was studied in two ways. In models A and B, k inh was held constant at the approximate minimum rate determined in vitro for free antithrombin and the approximate maximum value determined in vitro when antithrombin is maximally accelerated by heparin [11] . Fibrinogen and antithrombin concentrations were initially set to baseline levels, with thrombin generation determined as described above. The simulation was then run using the fixed k inh with the model predicting what the effect would be on active thrombin, fibrinogen and FPA levels based on changes in the thrombin generation rate. Higher k inh leads to more rapid thrombin inhibition and lower predicted FPA levels, lower k inh leads to slower thrombin inhibition and higher predicted FPA levels. In model C, k inh was adjusted to produce the best fit between measured and simulated levels of FPA, resulting in an estimate of the apparent average in vivo k inh for each time point in the study.
The vascular model accounts for the effects marker clearance, hemodilution, blood loss and transfusion have on marker levels as previously described [19] . Briefly, the total blood volume, blood flow, plasma protein concentrations and hematocrit in the model are set to the measured baseline levels in the subject being studied. Likewise, the bypass circuit priming fluid volume and bypass circuit output during CPB are set to the actual values. Urine output, blood loss, and transfusion history were extracted from anesthesia flow charts, cell saver documentation and surgical operative notes. By matching all the parameters in the circulatory model to the measured values in the patient, the circulatory model can be used to account for changes these processes have on the concentration of proteins in the blood. In the prior study we evaluated the vascular model's accuracy in simulating hemodilution and the effect of blood volume, simulation of blood loss and transfusion and simulation of marker clearance.
In this study, two types of dynamic vascular models were evaluated, a single segment model that assumes the vascular system is a single large well-mixed pool and a circulatory model which distributes blood flow into coronary, cerebral, upper extremity, splanchnic, renal, lower extremity and remaining ('other') circulations ( fig. 2 ). Single-segment vascular models work well when changes in the concentration of factors occur slowly over hours to days and there are no regional differences in the concentration of the factor in the vascular Fig. 2 . Dynamic vascular models. The figures on the left show the two dynamic vascular models studied, a single segment model assuming that all the blood is a single well-mixed pool, and a circulatory model which shows the relative arterial, microvascular (shaded) and venous blood volumes for different regions of the model. The circulatory model has been described in detail previously [19] . Total blood volume and cardiopulmonary bypass circuit volume in the model are adjusted to match the individual subject being simulated for both dynamic models. Graphs on the right show the simulated (-) versus measured (P) levels of a dye in the pulmonary artery and radial artery after bolus infusion over 5 s [25] . system, thus allowing the factor level to be well mixed and constant through the vasculature. Circulatory models work better when concentration changes occur rapidly, such as bolus infusion, or regional differences exist as seen in the fibrinolytic system where venous levels of tissue plasminogen activator are higher than arterial levels due to secretion from endothelium in the capillary beds [21, 22] . An extensive evaluation of the circulatory model has been presented in a prior study and an accompanying on-line appendix [19] . Complete details of the computer program including a copy of the source code, an explanation of how the model works and the data set used in the model are available at: http://depts.washington.edu/labweb/dept/staff/bios/hemostas/
Statistical Evaluation
Group distributions are presented as the mean B standard error of the mean. Comparisons within group used repeated measures analysis of variance (ANOVA) and the Fisher Least Significant Difference test. Statistica™ software (Stat-Soft™, Tulsa, Okla., USA) was used for all statistical calculations. Thrombin inhibition rate values were log transformed before statistical evaluation.
Results
Steady-State Model
At steady state, the FPA generation rate by active thrombin will be equal to the FPA clearance rate:
where k FPA = ln 2/t 1/2 (for FPA t 1/2 = 4 min) [23] , C FPA , C Fib , C Thr are the respective concentrations for FPA, fibrinogen and total active thrombin (i.e. free and bound to fibrinogen) and k cat and K m are constants for FPA formation (table 1) [2] . The 9 subjects in this study had an average fibrinogen concentration of 11 B 1 ÌM and FPA concentration of 4.5 B 1.8 nM, resulting in an estimated average in vivo active thrombin concentration at baseline of 250 B 94 fM. Fibrinogen reduces the rate of thrombin inhibition by antithrombin by competing for the active site of thrombin [24] . We assumed that antithrombin was the only inhibitor of thrombin and that thrombin bound to fibrinogen does not react with antithrombin:
The apparent free active thrombin concentration (C FreeThr ) is a function of the thrombin generation rate (TGR) and the thrombin inhibition rate:
where C ATIII is the antithrombin concentration, TGR = k F1.2 C F1.2 and k F1.2 = ln 2/t½ (for F1.2 t½ = 90 min) [20] . Solving for k inh :
k inh is in effect an estimate of the average rate constant for all the different forms of thrombin (free versus bound) and antithrombin (free versus accelerated by heparin or heparan). For the 9 subjects in the study, the baseline antithrombin concentration was 2.3 B 0.1 ÌM, resulting in an estimated steady-state in vivo k inh = 0.7 B 0.2 ÌM -1 s -1 .
Dynamic Cardiopulmonary Bypass Models
Two different dynamic vascular models were evaluated, a single-segment model and a multi-segment circulatory model ( fig. 2) . Single-segment models assume that the blood is a single large well-mixed pool and that all changes occur simultaneously throughout the blood volume. Circulatory models separate the blood volume into separate circulatory loops representing different parts of the vascular system including cerebral, coronary, renal, splanchnic, etc. There are several potential reasons why a single-segment model might not be a good assumption for modeling thrombin regulation during CPB. First, the rapid clearance of FPA (half-life 4 min) leads to a large arterial venous difference in FPA levels across the liver. Rapid Comparison of thrombin generation rates estimated using the single segment versus circulatory models. P = Thrombin generation rates for all 10 time points in all 9 subjects (n = 90); -= Linear regression fit. To test whether the two dynamic vascular models produce the same results in the CPB study, we compared the estimated thrombin-generation rates for the single segment and circulatory models for all time points in all 9 subjects ( fig. 3) . While there was a good correlation between the thrombin-generation rates in the two dynamic models (r 2 = 0.980), the rate in the single-segment model was on average 15% lower than in the circulatory model and up to 50% different at some time points. Figure 4 shows that the difference between the single-segment and circulatory models was greatest when the time interval between samples was short (minutes), such that the circulatory model had not reached equilibrium while the single-segment model assumes that equilibrium occurs instantly.
To test which model was best at simulating rapid changes in concentration, we compared the measured versus simulated levels of a dye in the pulmonary artery and radial artery (study sample point) after the bolus infusion of dye over 5 s [25] . Figure 2 shows that, in the singlesegment model, the dye concentration rises linearly during infusion and then remains constant throughout the vascular system. In reality, the dye concentration peaks and then falls in various areas of the vascular system over the first minute or so as the dye bolus circulates around the body. The circulatory model shows a much closer fit to the measured dye concentrations in the pulmonary artery and radial artery. The circulatory model was better at simulating the effect of rapid change and short sampling times on the concentration of factors in the blood. It was used for all future simulations.
Thrombin Inhibition Models
Three different models of thrombin regulation using the circulatory model were evaluated. In model A, k inh was held constant at 0.007 ÌM -1 s -1 , the approximate in vitro rate of antithrombin inhibition of free thrombin in the absence of heparin or heparan [11] . This represents an approximate lower limit from in vitro studies. Figure 5 shows an example of the output from model A for 1 subject. Simulated values for F1.2, antithrombin and TAT fit the measured data well. Thrombin generation increased immediately after going on CPB and again after reperfusion of the ischemic heart. The model predicted that at this slow rate of thrombin inhibition, active thrombin concentrations would be high and most of the fibrinogen would be converted into fibrin and FPA. Measured fibrinogen levels were higher than predicted, while measured FPA levels were lower than predicted indicating that in vivo, the average k inh is likely faster than 0.007 ÌM -1 s -1 .
In model B, k inh was held constant at 28 ÌM -1 s -1 , the approximate in vitro rate for antithrombin inhibition of free thrombin in the presence of saturating heparin or heparan [11] . This represents an approximate upper limit from in vitro studies. Figure 6 shows an example of the output from model B for the same subject shown in figure 5. Simulated values for F1.2, antithrombin, fibrinogen and TAT fit the measured data well. The pattern of thrombin generation was similar to that seen for model A above, but the peak thrombin-generation rates were lower in model B due to the faster formation of TAT which was used with F1.2 to predict thrombin generation. Even though the pattern of thrombin generation was similar for models A and B, the more than a 1,000-fold increase in k inh used in model B lead to a 1,000-fold decrease in the predicted active thrombin concentration. Lower active thrombin levels lead to less fibrinogen consumption and FPA generation. The agreement between measured and simulated fibrinogen levels was excellent, most of the change in fibrinogen was due to hemodilution, blood loss and transfusion, not thrombin activity. The predicted FPA levels in the model were generally lower than the measured levels, particularly at baseline and postoperatively. This indicates that the apparent in vivo k inh during baseline and postoperatively is likely lower than 28 ÌM -1 s -1 .
In model C, the apparent second-order rate constant of thrombin inhibition in vivo was adjusted to produce the best fit between measured and simulated levels of FPA. Figure 7 shows an example for the same subject shown in figures 5 and 6. Figure 8 shows the average results for all 9 subjects. At baseline the apparent k inh was on average 0.6 B 0.1 ÌM -1 s -1 resulting in an average active thrombin Output from thrombin regulation model A for subject 1. The second-order rate constant for thrombin inhibition by antithrombin (k inh ) was held constant at the approximate in vitro rate in the absence of heparin, 0.007.0 ÌM -1 s -1 [11] . Each graph shows the predicted result (-) from the computer model versus the measured level of each factor (P) for comparison. Note that a log scale is used for the y-axis of the thrombin inhibition, active thrombin concentration and fibrinopeptide A (FPA) concentration. The black bar at the top of each graph shows the period of cardiopulmonary bypass.
concentration of 270 B 101 fM. The active thrombin concentration and k inh did not change significantly after sternotomy or 5 min after administration of heparin. Within 5 min of starting CPB, the thrombin generation rate increased on average 14-fold (p = 0.0001), while k inh increased 25-fold (p = 0.000000). This resulted in a 77% (p = 0.01) decrease in the predicted active thrombin concentration. During the remainder of CPB, the average thrombin generation rate was modestly increased with an average k inh of 11.5 B 5.1 ÌM -1 s -1 and active thrombin concentration of 82 B 15 fM (p ! 0.01). After reperfusion of the ischemic heart, the thrombin-generation rate increased again as did k inh = 16.6 B 5.4 ÌM -1 s -1 (p = 0.000001), while the active thrombin concentration remained low. After heparin neutralization by protamine the thrombin-generation rate remained elevated while k inh decreased 3-fold (p = 0.002), resulting in a 4-fold (p = 0.00004) increase in the active thrombin concentration. During the postoperative period, k inh and the active thrombin concentration returned to baseline levels. There was good agreement between measured and simulated antithrombin concentrations in all 3 models since the total consumption of antithrombin by thrombin was always small. The majority of the changes in antithrombin concentration were due to hemodilution, blood loss and transfusion.
(For fig. 6 and 7 see next pages.) Fig. 6 . Output from thrombin regulation model B for subject 1. The second-order rate constant for thrombin inhibition by antithrombin (k inh ) was held constant at the approximate in vitro rate in presence of saturating heparin, 28 ÌM -1 s -1 [11] . Each graph shows the predicted result (-) from the computer model versus the measured level of each factor (P) for comparison. Note that a log scale is used for the y-axis of the thrombin inhibition, active thrombin concentration and fibrinopeptide A (FPA) concentration. The black bar at the top of each graph shows the period of cardiopulmonary bypass. Fig. 7 . Output from thrombin regulation model C for subject 1. The second-order rate constant for thrombin inhibition by antithrombin (k inh ) was adjusted to produce the best fit between measured and simulated levels of fibrinopeptide A (FPA). Each graph shows the predicted result (-) from the computer model versus the measured level of each factor (P) for comparison. Note that a log scale is used for the y-axis of the thrombin inhibition, active thrombin concentration and FPA concentration. The black bar at the top of each graph shows the period of cardiopulmonary bypass. Average predicted thrombin-generation rate, second-order rate constant for thrombin inhibition by antithrombin and active thrombin concentration during surgery and CPB for all 9 subjects. Data are presented as the mean and standard error. Note that a log scale is used for the y-axis of the thrombin inhibition. Dashed lines in the inhibition rate graph indicate the approximate in vitro rate in the absence of heparin, 0.007 ÌM -1 s -1 (lower line), and the approximate in vitro rate in presence of saturating heparin, 28 ÌM -1 s -1 (upper line) [11] . The black bar at the top of each graph shows the period of cardiopulmonary bypass.
Discussion
During normal hemostasis, thrombin is generated at the site of a wound. The majority of the thrombin produced is probably clot bound and relatively resistant to inhibition. Free thrombin in plasma is rapidly inhibited by antithrombin bound to heparan sulfate proteoglycans on the surface of endothelial cells. We estimated that the average k inh in vivo under baseline conditions, that is normal hemostasis, is about 0.6 ÌM -1 s -1 . Faster than the minimum in vitro rate of thrombin inhibition by antithrombin alone (0.007 ÌM -1 s -1 ), but slower than the maximum in vitro rate when antithrombin is saturated with heparin (28 ÌM -1 s -1 ). This average baseline estimate of k inh suggests that antithrombin is being accelerated to some extent, probably by endothelial heparan. The fact that the baseline rate of thrombin inhibition is not closer to the maximum rate suggests that a substantial fraction of the thrombin is protected from inhibition through binding to fibrin, platelets or other receptors. The model predicted that the average active thrombin concentration during normal hemostasis was about 300 fM. The model was not able to estimate how much active thrombin was free versus bound. Early surgery prior to heparinization or starting CPB had little effect on thrombin generation rates, k inh or predicted active thrombin concentrations.
Within 5 min after the start of CPB, thrombin generation increased 14-fold while FPA levels and predicted active thrombin levels decreased leading to a predicted 25-fold rise in k inh to 15 ÌM -1 s -1 . Merlini et al. [26, 27] have shown that heparin given for acute coronary syndromes leads to an approximately 50% reduction in FPA levels, but no change in F1.2 levels, indicating an approximately 2-fold increase in k inh without changing thrombingeneration rates. The large increase in the apparent rate of thrombin inhibition during heparinized CPB compared to heparin therapy alone may be due to a combination of factors including acceleration of antithrombin by highdose heparin given prior to and during CPB and the formation of non-hemostatic thrombin after blood is exposed to the artificial surface of the bypass circuit. It has been suggested that exposure of blood to the large artificial surface of the CPB circuit constitutes a thrombogenic stimulus that quantitatively as well as qualitatively differs from normal hemostasis [28] . It is possible that nonhemostatic thrombin generated by the artificial surface of the bypass circuit is inhibited faster than clot-bound thrombin formed during normal hemostasis. Thus, CPB results in a paradoxical increase in thrombin generation [29] [30] [31] but a decrease in active thrombin [29] . The increase in thrombin generation during CPB has led prior studies to suggest that thrombin activity is also increased during CPB and that this increase in active thrombin results in activation of other systems including platelets, endothelium, kallikrein/kininogen and other systems [32, 33] . The importance of thrombin formed during CPB in the activation of platelets, endothelial cells and other systems may need to be reexamined.
By 15 min into CPB, thrombin-generation rates decreased back to towards baseline levels, while FPA and active thrombin concentrations were unchanged, predicting a slightly lower but still elevated k inh of 8 ÌM -1 s -1 . Another burst of thrombin generation occurs when the ischemic heart and lungs are reperfused at the end of CPB. Again while the thrombin-generation rate is increased, the model indicates that k inh is also increased to 16 ÌM -1 s -1 while active thrombin concentrations remain low. This increase in thrombin generation may be due to ischemic changes to the endothelial cells in the heart that result in transient thrombin generation when reperfusion of the heart occurs. When CPB is complete and after heparin is neutralized by protamine, thrombin-generation rates remain high while the apparent k inh decreases to about 5 ÌM -1 s -1 . Neutralization of heparin decreases the rate of thrombin inhibition, but not back to baseline. By 2 h postoperatively the thrombin-generation rate, apparent k inh and active thrombin concentrations all are slowly returning to normal as the hemostatic system returns to hemostatic thrombin generation.
The precise mechanism of the transient rise in thrombin generation and thrombin inhibition during CPB is not clear, but it suggests that improvements in the biocompatibility of the bypass circuit surface could lead to reduced activation and result in more balanced hemostasis throughout the procedure. Studies using this type of model may be useful in evaluating whether improved bypass circuit materials or other treatments are effective in reducing hemostatic dysregulation during CPB. While the thrombin regulation and circulatory models were used in this study to evaluate patients undergoing CPB, modified versions of these models may be applicable to other situations where thrombin generation and inhibition are rapidly changing and knowledge of the underlying formation rates would be useful. There are several limitations of this study -the assumptions that fibrinogen is the only substrate for thrombin, and that antithrombin is the only inhibitor of thrombin. Also, thrombin is assumed to be a single homogenous pool of solution phase thrombin with only one inhibition rate for each time interval studied, whereas in reality a number of different forms of active thrombin and inhibition rates are present in the vascular system. We had no practical way of evaluating these different pools during CPB and so instead we chose to use an average value. While more complex models are likely to produce slightly different results if other thrombin substrates, inhibitors and thrombin forms were included, they are unlikely to change the principle conclusions of the study since the change in k inh was several orders of magnitude.
